Tob55 is the major component of the TOB complex, which is found in the outer membrane of mitochondria. A sheltered knockout of the tob55 gene was developed in Neurospora crassa. When grown under conditions that reduce the levels of the Tob55 protein, the strain exhibited a reduced growth rate and mitochondria isolated from these cells were deficient in their ability to import β-barrel proteins. Surprisingly, Western blots of wild type mitochondrial proteins revealed two bands for Tob55 that differed by about 4 kDa in their apparent molecular masses. Sequence analysis of cDNAs revealed that the tob55 mRNA is alternatively spliced and encodes three isoforms of the protein, which are predicted to contain 521, 516, or 483 amino acid residues. Mass spectrometry of proteins isolated from purified outer membrane vesicles confirmed the existence of each isoform in mitochondria. Strains were constructed that expressed each isoform of the protein individually. When cells expressing only the longest form of the protein were grown at elevated temperature, their growth rate was reduced and mitochondria isolated from these cells were deficient in their ability to assembly β-barrel proteins.
INTRODUCTION
Mitochondria, chloroplasts and Gram-negative bacteria contain β-barrel proteins in their outer membranes (GABRIEL et al. 2001; RAPAPORT 2003; SCHLEIFF et al. 2003; TAMM et al. 2001; WIMLEY 2003) . The mechanisms by which newly synthesized β-barrel precursor proteins are integrated into lipid bilayers and assembled into oligomeric structures are not yet fully understood for any of these systems (JOHNSON and JENSEN 2004; PASCHEN et al. 2005; RAPAPORT 2003; VOULHOUX and TOMMASSEN 2004) . In mitochondria, the precursors are initially recognized by the receptor components of the translocase of the outer mitochondrial membrane (TOM complex) and transferred through the TOM complex pore to the intermembrane space (IMS) side of the outer membrane (KRIMMER et al. 2001; MODEL et al. 2001; RAPAPORT 2002; RAPAPORT and NEUPERT 1999) . β-barrel precursors are then relayed to the TOB (topogenesis of mitochondrial outer membrane β-barrel proteins) or SAM (sorting and assembly machinery) complex, which is also located in the outer membrane (KOZJAK et al. 2003; PASCHEN et al. 2003; WIEDEMANN et al. 2003) . During movement from the TOM to the TOB complex, β-barrel precursors interact with the small Tim protein complexes which are soluble components of the IMS (HABIB et al. 2005; HOPPINS and NARGANG 2004; WIEDEMANN et al. 2004 ). The TOB complex inserts the β-barrels into the outer mitochondrial membrane.
The major component of the TOB complex is Tob55 (also named Sam50/Omp85). Tob55 is a β-barrel protein itself and is essential for viability of yeast cells (GENTLE et al. 2004; KOZJAK et al. 2003; PASCHEN et al. 2003) . Homologues of yeast Tob55 are found in virtually all eukaryotes and in almost all Gram-negative bacteria (DOLEZAL et al. 2006; GENTLE et al. 2004; PASCHEN et al. 2003) . The group includes the bacterial Omp85/YaeT (VOULHOUX et al. 2003; WU et al. 2005) , the plastid Toc75 (ECKART et al. 2002) and the mammalian Tob55/Sam50 (HUMPHRIES et al. 2005) . The N-terminal domain of Tob55 has been shown to recognize precursors of β-barrel proteins. This recognition may contribute to the coupling of the translocation of β-barrel precursors across the TOM complex to their interaction with the TOB complex (HABIB et al. 2007 ). The TOB core complex contains two additional proteins, Tob38 (Tom38/Sam35) and Mas37 (Tom37/Sam37) (ISHIKAWA et al. 2004; MILENKOVIC et al. 2004; WAIZENEGGER et al. 2004; WIEDEMANN et al. 2003) . Both are peripherally associated with Tob55 on the cytosolic surface of the outer membrane. The functions of these two subunits are poorly defined.
Despite some progress in our understanding of the structure-function relationship of the TOB complex, many questions as to the functions of its subunits and their domains remain to be answered. In this report we describe the characterization of Tob55 from the filamentous fungus Neurospora crassa and an analysis of its expression. We have shown that Tob55 is essential in N. crassa and that it interacts with β-barrel precursor proteins. Surprisingly, Tob55 is expressed as three isoforms which result from alternative splicing. Cells that express only the longest isoform display reduced growth rates at elevated temperature and at high salt concentrations.
Mitochondria isolated from these cells have a reduced capacity to insert β-barrel precursors into the outer membrane. To our knowledge, this is the first component of the mitochondrial import machinery shown to exist in isoforms that arise from alternative splicing.
MATERIALS AND METHODS

Growth of N. crassa:
Growth and handling of N. crassa was as previously described (DAVIS and DE SERRES 1970) . Unless stated otherwise, growth of cells was at 30°. For growth tests on plates, conidia were harvested and adjusted to a concentration of 10 7 per ml. Serial tenfold dilutions were made and 5 μl of each was spotted onto plates containing standard sorbose media with the appropriate supplements. The plates were incubated at the desired temperature for one to three days. The inhibitors p-fluorophenylalanine (fpa) and benomyl, at concentrations of 400 μM and 1 μg/ml, respectively, were used to shift nuclear ratios in sheltered heterokaryons.
However, when cultures were grown to produce mitochondria for in vitro import experiments the concentration of fpa was reduced to 250 μM to obtain mitochondria that were more robust for import reactions.
Strains used in this study are listed in Table 1 . Several natural isolates were obtained from the Fungal Genetics Stock Center (FGSC). These are indicated by the genus and species name followed by the site of isolation in the wild.
Creation of tob55 knockout strain: The N. crassa Tob55 protein was identified as a homologue of the S. cerevisiae protein (PASCHEN et al. 2003; SCHMITT et al. 2006) . A split marker approach, described previously (COLOT et al. 2006) , was used to replace the tob55 gene with a hygromycin resistance gene. Cosmid X22D7 of the pMOcosX library (MCCLUSKEY and KINSEY 2000) was identified from the N. crassa genome project (GALAGAN et al. 2003) as containing tob55. The tob55 upstream and downstream regions were amplified by PCR using X22D7 as the template. The two portions of the split marker were transformed into heterokaryotic strain HP1 (NARGANG et al. 1995) and several hygromycin resistant transformants were purified and examined by Southern analysis for evidence of replacement of the tob55 gene in one nucleus.
Transformation of N. crassa: DNA was transformed into N. crassa by electroporation of conidia as previously described (MARGOLIN et al. 1997; MARGOLIN et al. 2000) with modifications (TANTON et al. 2003) . To insure that only pure homokaryotic strains were used following transformations, single transformant colonies were picked using sterile glass pasteur pipettes and transferred to slants with Vogel's medium containing the appropriate nutritional requirements and the selective antibiotic(s). The slants were incubated at 30° until the surface of the agar was covered by the mycelium and then were removed to room temperature to conidiate.
Conidia were streaked for single colonies onto plates identical to those used for the electroporation and incubated at 30° until colonies formed. These were picked to slants without the antibiotic for growth and conidiation.
When heterokaryotic strains were transformed and selected for integration into a single nucleus, the transformed strains were tested for their nutritional requirements following the purification process described above to insure that the transformants were homokaryotic (NARGANG et al. 1998) .
In vitro Import of Radiolabeled Proteins into Isolated Mitochondria:
Published procedures were used for the isolation of mitochondria (MAYER et al. 1993 ) and import of mitochondrial preproteins (HARKNESS et al. 1994 For affinity purification of antibody, the Tob55 fusion protein was purified on a NiNTA column (Qiagen, Mississauga, ON) in 8 M urea according to the manufacturer's instructions except that protein was eluted in 6 M guanidine, 100 mM NaH 2 PO 4 , 10 mM Tris-HCl, pH 4.5. A Centriplus centrifugal filter device (Millipore, Bedford, MA) with a molecular weight cut off of 30 kDa was used to exchange the elution buffer to coupling buffer containing 0.1 M NaHCO 3 , 0.5M NaCl, 6M guanidine. The cycle of concentrating the sample to 1 ml by centrifugation at 2500 x g for 2 hr followed by addition of 15 ml of coupling buffer was repeated three times. The ligand coupling slurry, Affi-Gel 10 or Affi-Gel 15 (Bio-Rad, Hercules, CA), was prepared by washing with 5 volumes of distilled water. About 30 mg of fusion protein in coupling buffer was bound to 1 ml of Affi-Gel 10 or 15 by incubation with rocking at 4° overnight. The next day, the resin was washed with 5 volumes of phosphate buffered saline (10 mM phosphate, pH 7.4; 137 mM NaCl, 2.7 mM KCl) and 2 volumes of 100 mM glycine, pH 2.5.
For purification of the antibody, 2 ml of serum was mixed with 100 μl 20X phosphate buffered saline and incubated with 1 ml of the antigen-bound matrix for 4 hr at 4° with rocking. BNGE and antibody supershifts: Mitochondria (50 μg) were solubilized in 50 μl buffer N containing 1% digitonin in 20 mM pH 7.4, 0.1mM EDTA, 50mM NaCl, 1% glycerol [vol/vol] , 1mM phenylmethylsulfonylflouride. After gentle rocking at 4° for 15 min and a clarifying spin at 15,000 x g the supernatant was added to 5 μl of sample buffer (5% Coomassie Brilliant Blue G-250 in 100 mM Bis-Tris, 500 mM 6-aminocaproic acid, pH 7.0) and gently mixed at 4°. Samples were analyzed on a 6 to 13% gradient blue native gel as previously described (SCHÄGGER et al. 1994; SCHÄGGER and VON JAGOW 1991) except that electrophoresis was performed overnight (16 to 20 hr) at 4° between 40 and 60 volts and then for 1 to 1.5 hr at 500 volts with buffer lacking Coomassie.
For antibody supershift assays import reactions were performed in triplicate at 25° for 20 min using 20 μg of mitochondrial protein per reaction. Samples were processed as above except that after the clarifying spin, either 18 μl of buffer, 18 μl (6 μg protein) of affinity purified Tob55
antibody, or 18 μl (6 μg protein) of an unrelated antibody was added. Following gentle rocking at 4° for 2 hr, sample buffer was added and the samples were subjected to BNGE. Affinity purified antibody from rabbit serum, raised to a peptide of Drosophila melanogaster ATM protein (ataxia telangiectasia mutated), was used as an unrelated antibody for a negative control (SILVA et al. 2004 ).
Mass Spectrometry: Isoforms of Tob55 were analyzed by mass spectrometry as described previously (SCHMITT et al. 2006) . Briefly, outer membrane vesicles were isolated, subjected to SDS-PAGE and stained with Coomassie blue. Bands in the molecular weight range expected for the isoforms of Tob55 were excised and digested overnight with trypsin. Peptide masses in the range of 500-3500 Da were obtained by reflector MALDI-TOF, whereas peptides in the mass range of 3500-6000 Da were analyzed by linear MALDI-TOF. Predicted peptide masses were obtained using the PeptideMass program set for isotope averaging (GASTEIGER et al. 2005; WILKINS et al. 1997 ).
Other Techniques: Protein alignments were generated with the Kalign program (LASSMANN and SONNHAMMER 2005 
RESULTS
Tob55 is essential in N. crassa:
To study the TOB complex in N. crassa, we constructed a knockout of the tob55 gene using a split marker approach (COLOT et al. 2006) . Since Tob55 was shown to be an essential protein in yeast (PASCHEN et al. 2003) , the knockout was created in heterokaryon HP1 by sheltered disruption (NARGANG et al. 1995) . The component nuclei of this strain encode either resistance to fpa or benomyl and are auxotrophic for either histidine or pantothenate, respectively. These markers facilitate analysis and manipulation of nuclear ratios in the sheltered heterokaryon. Transformants were screened by Southern analysis (not shown) for the replacement event in one nucleus of the heterokaryon (GROTELUESCHEN and METZENBERG 1995) and isolates Tob55KO-1 and Tob55KO-3 were chosen for further analysis. The growth rate of these strains was analyzed on various media. Growth of both knockouts was reduced on fpa plus histidine but was indistinguishable from controls on other media ( Figure 1A ) suggesting that the tob55 knockout occurred in the nucleus carrying fpa resistance ( Figure 1B ). The Tob55KO-3 strain was chosen for further work.
To determine if tob55 is an essential gene in N. crassa, conidia from the Tob55KO-3 heterokaryotic strain were plated onto medium containing the nutritional requirements of both nuclei and single colonies were picked to fully supplemented slants. Conidia that formed in these slants were examined for nutritional requirements. Testing of 200 isolates revealed that 125 were heterokaryons and 75 were pantothenate-requiring auxotrophs. The lack of histidine auxotrophs indicates that the tob55 gene is essential for viability in N. crassa. To prove that the lethality was specific for the loss of tob55, we transformed the Tob55KO-3 sheltered heterokaryon with a plasmid carrying bleomycin resistance and a genomic copy of tob55 encoding an allele for an Nterminal hexahistidinyl tagged version of the protein. Transformants were selected on medium containing bleomycin, fpa, and histidine. Colonies appearing on the transformation plates were shown to be histidine auxotrophs demonstrating that homokaryons of the histidine requiring nucleus of the sheltered heterokaryon had been rescued.
Characterization of mitochondria with reduced levels of Tob55: Examination of mitochondria in the heterokaryotic knockout strain Tob55KO-3 following growth in minimal medium revealed no alteration in the levels of any mitochondrial protein tested by western blot analysis. However, mitochondria isolated from this strain following growth in the presence of histidine and fpa, which forces the knockout bearing nucleus to predominate in the heterokaryon, contained very low levels of Tob55 ( Figure 2A ). We refer to such mitochondria as Tob55 mitochondria. The steady state levels of two other outer membrane β-barrel proteins, Tom40 and porin, were also reduced in Tob55 mitochondria. Tom22 was also decreased. Although Tom22
is not a β-barrel protein it is a component of the core TOM complex and its level is likely reduced because the deficiency of Tom40 does not allow proper assembly of Tom22 molecules.
In support of this notion, Tom22 was previously observed to be reduced in a Tom40 mutant of N.
crassa (TAYLOR et al. 2003) . The levels of other mitochondrial proteins examined were unchanged by the reduction in Tob55 (Figure 2A ).
We consistently observed two Tob55 bands of apparent molecular weights 62 and 58 kDa following immunodecoration of western blots. Both of these bands appear to represent Tob55 since they both disappear in Tob55 mitochondria ( Figure 2A ) and both are detected by a pentaHis antibody in mitochondria of strains rescued by a hexahistidinyl-tagged tob55 allele ( Figure   2B ). The nature of the different Tob55 bands is discussed further below.
Mitochondrial protein import in Tob55 mitochondria: Tob55 mitochondria were examined for their ability to import mitochondrial precursor proteins. Import of the β-barrel proteins Tom40 and porin was reduced in Tob55 mitochondria ( Figure 3A , B). To exclude the possibility that the reduced levels of Tom40 and Tom22 observed in Tob55 mitochondria ( Figure 2A ) are the cause of the reduced import, we examined the import of other precursors known to be translocated via the TOM complex. Import of the non β-barrel proteins cytochrome c heme lyase (CCHL), the ATP-ADP carrier (AAC), and the β-subunit of ATP synthase (F 1 β) to the IMS, the inner membrane, and the matrix, respectively, was not reduced in Tob55 mitochondria ( Figure 3C , D, E). Thus, the level of Tom40 in the mitochondria used for import ( Figure 3F ) is sufficient for in vitro import of these proteins. These data indicate that N. crassa
Tob55 is involved in import of outer membrane β-barrel proteins.
The assembly of Tom40 and porin during import of the precursors into Tob55 mitochondria was assessed using BNGE. Analysis of Tom40 assembly by BNGE reveals two assembly intermediates of 250 kDa and 100 kDa as well as the 400 kDa fully assembled TOM core complex (MODEL et al. 2001; RAPAPORT and NEUPERT 1999; TAYLOR et al. 2003) . The level of all forms, but particularly the 250 kDa intermediate, was reduced during import of Tom40 precursor into Tob55 mitochondria ( Figure 4A ). Similarly, all complexes containing porin (240 kDa, 115 kDa, and 66 kDa) were reduced following import into Tob55 mitochondria ( Figure 4B ).
Antibody supershift assays were used to demonstrate that Tob55 is a component of assembly intermediates for Tom40 and porin. Affinity purified Tob55 antibody was added to the import/assembly reactions of these proteins prior to analysis by BNGE. For Tom40, a shift of the 250 kDa assembly intermediate resulted from addition of the antibody ( Figure 4C ). This confirms that Tob55 is a component of the 250 kDa Tom40 assembly intermediate in N. crassa.
The 250 kDa band is shifted to a position where it comigrates with a minor high molecular weight band that we have previously shown to be a non-productive intermediate (TAYLOR et al. 2003) . However, evidence for the shift is seen by both the reduced level of precursor in the 250 kDa band and the increased intensity at the higher molecular weight position in the lane where the Tob55 antibody was added. For porin, addition of affinity purified Tob55 antibody resulted in a shift in the 240 kDa complex ( Figure 4D ) establishing that this complex of the porin assembly pathway in N. crassa represents an assembly intermediate containing Tob55. This is the first direct evidence for the association of the porin precursor with the TOB complex.
The N. crassa tob55 mRNA is alternatively spliced: We wished to obtain cDNA clones of tob55 and performed RT-PCR on RNA samples isolated from wild-type strain NCN251.
While examining one of the cloned cDNAs for PCR induced sequencing errors, we discovered that exon 2 predicted by the N. crassa sequencing project (GALAGAN et al. 2003) was absent.
Therefore, additional cDNA clones were sequenced. Analysis of these clones revealed that there were three different tob55 cDNAs that would encode Tob55 proteins of different lengths. The variability centers on alternative splice sites in and around the second exon of the structural gene with three possible 5′ splice sites and two possible 3′ splice sites ( Figure 5A ). We refer to the proteins generated from the three possible mRNAs identified as the long (521 residues), intermediate (516 residues), and short (483 residues) isoforms of Tob55 ( Figure 5B ). Sequence of 20 randomly selected cloned cDNAs revealed ten clones representing the short form, seven the intermediate form, and three the long form. Since only two bands are observed by western analysis, we assume that the intermediate and long isoforms cannot be distinguished under the electrophoretic conditions used. To obtain evidence that the different forms exist at the protein level, outer membrane vesicles were purifed from strain T55His6-1. Proteins were separated by electrophoresis and individual bands of the size predicted for the Tob55 isoforms were analyzed by mass spectrometry. Peptides that define the long and intermediate forms were detected in the higher molecular weight band and a peptide defining the short form was detected in the lower molecular weight band ( Figure 5C ). Western blots using our Tob55 antibody suggest that the short form is more abundant than the intermediate and/or long forms. However, our antibody was produced to the N-terminal 108 residues of the short form so there may be more epitopes available to react with the antibody within this form of the protein. The levels of the two bands appear to be equal when the hexahistidinyl tagged version of the protein is detected with the penta-His antibody ( Figure 2B ). N. crassa, N. intermedia, N. sitophila, and N. tetrasperma . We also examined Tob55 in two mutant N. crassa strains: cyt-2-1, which carries a mutation in cytochrome c heme lyase (CCHL) (DRYGAS et al. 1989) and [mi-3] , which carries a mutation in the mitochondrially encoded Cox1 gene (LEMIRE and NARGANG 1986) . In all of these strains, both Tob55 bands were detected suggesting that the alternative splicing occurs throughout the genus. Furthermore, the levels of the different forms do not appear to be altered in response to mutations affecting electron transport (Supplemental Data).
Do the different forms of
To further address the question of possible specialized function, strains were developed that expressed only one of the different isoforms of the protein. on solid medium at 37° or in the presence of high concentrations of NaCl revealed a severe growth defect in strains expressing only the long isoform of Tob55 ( Figure 6B , C). To insure that the growth defect in the long isoform was not due to a specific random integration event in an individual transformant, we examined eight additional long isoform strains and five additional short isoform strains. Results similar to those in Figure 6B ,C were obtained for all the additional strains (not shown). In liquid medium, the strain expressing the long isoform has a peculiar phenotype at 37°. A small amount of growth occurs during the first 48 hr, but between 48 and 72 hr, substantial growth occurs ( Figure 6D ). Mitochondria isolated from strains expressing either the short or long form of the protein following growth at 30° show no differences in the steady state levels of any mitochondrial protein examined, including Tob55 ( Figure 6E ). However, in cells expressing only the long form grown for 24 hr at 37°, mitochondria are deficient in Tob55.
There is also a slight deficiency in porin and a striking deficiency of Tom40. CCHL, and Hsp70 appear to be present at normal levels, but levels of AAC are also reduced. Tom70 appears to be slightly increased. The deficiency of Tob55 observed in cells expressing only the long isoform seems to contradict the apparently unaltered ratio of the bands detected by western blot analysis following growth of wild type cells at high temperature (Supplemental Data). This suggests that the higher molecular weight isoform in the wild type cells grown at high temperature is largely the intermediate isoform or that the long isoform can be assembled into the membrane at high temperature if mitochondria also contain the other isoforms. Once assembled, the long isoform might be stable, but inactive.
We also examined the assembly of the β-barrel proteins Tom40 and porin in mitochondria isolated from 30° and 37° grown cultures of wild type cells and cells expressing only the short or long isoforms of Tob55. In mitochondria isolated from the 30° cultures, there were no differences observed between the strains (not shown). However, neither intermediates nor mature forms of Tom40 or porin were observed in assembly assays using mitochondria from cultures of the long isoform strain when grown at 37° for 24 hr, suggesting that little if any assembly of β-barrels occurs in these cells ( Figure 7A ). Since the growth of long isoform cultures at 37° appears to have a lag period of at least 48 hr ( Figure 6D ), we also examined assembly of β-barrels in mitochondria isolated from 68 hr cultures ( Figure 7B ). Assembly of Tom40 was observed in these mitochondria, but at reduced levels compared to the short isoform strain. A small amount of the 240 kDa porin intermediate was also observed in mitochondria from the 68 hr culture. Cultures expressing the long isoform were also examined for steady state levels of various mitochondrial proteins after 68 hr of growth at 37° ( Figure 7C ). Interestingly, levels of Tob55 and Tom40 were higher than in the 24 hr cultures, but porin did not increase.
The level of AAC was also increased in the older cultures while the level of Tom70 appeared to remain slightly higher than in the wild type control or the short Tob55 strain.
Alignment of the long isoform with other Tob55 proteins:
To determine if residues in the long isoform were conserved, we compared the sequence at the N-terminal region of the N.
crassa protein with Tob55 proteins from Homo sapiens, Arabidopsis thaliana, and the fungi Chaetomium globosum, Giberella zeae, Aspergillus nidulans, and S. cerevisiae (Figure 8 ). The alignment shows little conservation among the seven species in the region that defines the alternative forms, while similarity increases following the region. C. globosum, which is closely related to N. crassa (HUHNDORF et al. 2004; SUH and BLACKWELL 1999) , shares some identical residues within the region that defines the different isoforms, but no residues are shared with the five amino acids that are contained only in the long isoform of the N. crassa protein.
Interestingly, predictions of protein coding sequence from genome databases for other filamentous fungi (eg, Giberella zeae and Aspergillus nidulans) give the long form as the product of the tob55 gene. However, our inspection of the tob55 genomic sequences shows that potential splice sites for removal of the second exon do exist (not shown), so that the short and long forms may be present in these organisms as well. We could not identify a consensus splice site that would give the intermediate form in these species.
DISCUSSION
We have shown that reduced levels of N. crassa Tob55 result in slow growth as well as reduced import efficiency of β-barrel precursors to the outer mitochondrial membrane. Import of non-β-barrel mitochondrial proteins is not affected. We have also demonstrated that N. crassa
Tob55 is present in a high molecular weight assembly intermediate with the precursors of Tom40
and porin. This marks the first direct demonstration of an association between the porin precursor and the TOB complex.
Surprisingly, our studies also demonstrated that there are three isoforms of the N. crassa
Tob55 protein produced by alternative splicing. To our knowledge, this is the first description of alternative splicing producing isoforms of a protein involved in mitochondrial protein import.
The observation that different isoforms occur in all strains and species of Neurospora examined suggests that they may serve some specialized purpose. It has been demonstrated that expression of isoforms for import components arising from multigene families in higher organisms can vary in certain conditions or tissues. For example, analysis of transcript levels for components of the import apparatus in Arabidopsis showed that for the most part, one isoform was expressed most prominently in all tissues under normal conditions. However, treatment with inhibitors of the electron transport chain resulted in increased expression of the minor isoforms of several proteins, implying that the import apparatus may become functionally specialized in response to stress (LISTER et al. 2004) . Transcript and EST analysis of two Tom20 isoforms arising from separate genes in animals revealed that one isoform was specifically expressed in the testis of mice and fruit flies while the other form was ubiquitously expressed. Similarly, RNAi knockdown experiments in C. elegans showed that one form of Tom20 is essential while the other appears to play a more specialized role (LIKIC et al. 2005) . Our attempts to alter the expression of the Tob55 isoforms in N. crassa by varying temperature or treatment with chloramphenicol or antimycin A did not result in any obvious change in the ratio of the forms when examined by western analysis, though it is possible that minor changes were not detected.
Similarly, no change in the ratio was seen in conidiaspores or strains carrying mutations affecting electron transport.
Since strains expressing any isoform grow equally well at the permissive temperature, each form must be capable of importing all β-barrel proteins to some extent. At 37° cells expressing only the long isoform of Tob55 are inefficient at assembling β-barrel proteins into the membrane. Since Tob55 is itself a β-barrel protein, it is difficult to establish if it is the assembly of the long isoform that is reduced or if the activity of the protein once assembled is compromised. Since long Tob55 cultures eventually begin to grow at 37° and have some capacity to assemble β-barrels, it appears that assembly of active long Tob55 gradually occurs.
Perhaps other factors, such as chaperones, aid this process and become more abundant as the culture ages.
What function of the TOB complex is most likely disturbed by the extra residues in the long form at 37° or in the presence of high salt? The alternatively spliced region is near the Nterminus of the protein which is predicted to occur in the IMS (PASCHEN et al. 2003; SANCHEZ-PULIDO et al. 2003) . Since the other known proteins of the TOB complex (Mas37 and Tob38) are peripheral outer membrane proteins facing the cytosol, it seems unlikely that interactions between the long isoform of Tob55 and these proteins are affected by salt or high temperature.
The TOB complex probably contains more than one molecule of Tob55 (KOZJAK et al. 2003; PASCHEN et al. 2003; WAIZENEGGER et al. 2004 ) and temperature induced changes in structure in the IMS domain might affect interactions between Tob55 molecules in a single complex.
However, it has been shown that yeast Tob55 lacking the 102 amino-terminal residues, still assembles into the TOB complex (HABIB et al. 2007) .
A more likely cause for the defects in the long isoform is inefficient interaction with incoming β-barrel precursors in the IMS. Both prokaryotic and eukaryotic Tob55 homologues have been shown to contain one or more POTRA (polypeptide transport associated domain) domains in their N-terminal regions (SANCHEZ-PULIDO et al. 2003) . It has been suggested that POTRA domains may be involved in binding β-barrel precursors just prior to their insertion into the membrane (BOS and TOMMASSEN 2004) and it has recently been demonstrated that the Nterminal region of yeast Tob55 does interact with β-barrel precursors (HABIB et al. 2007 ). The extra residues in the long form of N. crassa Tob55 occur just prior to the beginning of the POTRA domain (Figure 8 ) and the defects caused by the long form of the protein in N. crassa at 37° or in the presence of high salt may be due to an effect on this domain. Further investigations will be aimed at confirming this possibility and on attempting to define specific roles for the different isoforms. Supplemental Figure 
